Here, we report a pneumatic pressure-driven microfluidic device capable of multi-throughput medium circulation culture. The circulation culture system has the following advantages for application in drug discovery: (i) simultaneous operation of multiple circulation units, (ii) use of a small amount of circulating medium (3.5 mL), (iii) pipette-friendly liquid handling, and (iv) a detachable interface with pneumatic pressure lines via sterile air-vent filters. The microfluidic device contains three independent circulation culture units, in which human umbilical vein endothelial cells (HUVECs) were cultured under physiological shear stress induced by circulation of the medium. Circulation of the medium in the three culture units was generated by programmed sequentially applied pressure from two pressure-control lines. HUVECs cultured in the microfluidic device were aligned under a one-way circulating flow with a shear stress of 10 dyn cm . We also observed 2.8-to 4.9-fold increases in expression of the mRNAs of endothelial nitric oxide synthase and thrombomodulin under one-way circulating flow with a shear stress of 10 dyn cm −2 compared with conditions of no shear stress or reciprocating flow.
Introduction
Blood vessels are the part of the circulatory system which transports nutrients and oxygen in the body and exchanges waste. Endothelial cells (ECs) form the inner walls of blood vessels and are continuously exposed to shear stress induced by blood flow. In the past few decades, the effects of this shear stress on vascular ECs have been investigated. 1, 2 It has been revealed that shear stress affects various physiological responses mediated by ECs, including vasodilation, 3 vasoconstriction, 4 anticoagulant activity, 5 and vascular permeability. 6 In these studies, ECs were cultured under shear stress by using characteristic culture systems including a cone-plate, [7] [8] [9] parallel plates, [10] [11] [12] or capillaries. 13, 14 These traditional culture systems can provide physiological shear stress conditions in vitro. However, they have not been used extensively in drug discovery research because they are both cumbersome and complicated. For example, most of these systems consist of a culture vessel, pump, medium reservoir, and transfer tubes. This configuration challenges the operator when performing even mandatory routine tasks such as cell observation and medium exchange. More importantly, throughput in these complicated culture systems has been a bottleneck in their application to drug discovery. Ideally, it should be possible to evaluate multiple drug candidates simultaneously in a physiological culture system when screening for superior drug candidates.
Recently, there has been interest in the use of microfluidic devices as novel cell-culture platforms to reduce time and costs in drug discovery owing to their advantages of smallscale analysis and efficient liquid handling. 15, 16 More recently, microfluidic devices called "organs-on-a-chip," which provide physiological and pathological tissue or organ functions in vitro, have been attracting attention as nextgeneration research tools for performing reliable assays using human-derived cells. [17] [18] [19] [20] Microfluidic devices that can provide multiple shear stresses over a wide range of ECs have been reported. [21] [22] [23] [24] The use of microfluidic devices for culturing kidney epithelial cells or brain ECs under physiological shear stress has also been reported in the evaluation of drug toxicity and permeability. 25, 26 In some of these studies, the medium is circulated through the microfluidic device by using a rotary peristaltic pump, [21] [22] [23] [24] [25] which requires a large volume of medium due to the off-chip nature of the medium circulation apparatus and tube connections. The circulating medium volume has been reduced by using an integrated pneumatic peristaltic micropump 27 or piezoelectric Braille pins. 28 However, these microfluidic devices are used in the analysis of only one drug candidate by a single device: complicated operation of microvalves is required to analyze multiple drug candidates. Therefore, parallelization of medium circulation on the microfluidic device is the key to applying microfluidic circulation culture systems to drug discovery research.
As other examples, multi-organs-on-a-chip and body-on-achip have recently been developed for culture of multiple types of cells in discrete microchambers connected to each other via microchannels to circulate medium. [29] [30] [31] [32] [33] The medium is circulated on these devices by using an off-chip peristaltic pump, 29 integrated pneumatic peristaltic micropump, [30] [31] [32] or integrated stirrer-based micropump. 34 Notably, none of these studies have demonstrated the circulation of multiple liquids without increasing the number of pumps or tube connections. As far as we know, only one example has been reported for the parallelization of medium circulation in microfluidic devices; in this example, two sets of exactly the same microfluidic networks and pneumatic peristaltic micropumps were fabricated on a single device. 30 Further increases in the number of parallelizations by simply increasing the number of circulation microfluidic networks and pumps will require complicated system setups and operation. Therefore, parallelization of medium circulation in microfluidic devices with simple system setups is still a big challenge.
In our previous study, we developed a pressure-driven perfusion-culture microchamber array device, 35 in which pneumatic pressure was applied to a reservoir and multiple liquids in multiple wells were simultaneously delivered into the microchamber array. The advantage of using pneumatic pressure to deliver multiple liquids is that the pressure can be easily distributed to multiple wells in a reservoir with a common gas-phase space without increasing tube connections ( Fig. S1 in the ESI †). In this study, we expanded this idea to parallelization of medium circulation: multiple mediumcirculation units on a single microfluidic device were driven by only two pneumatic pressure lines. This new microfluidic device contained three independent culture units, in which cells were cultured under medium circulation flow. One-way circulation of medium was generated by applying sequential pressure to the microfluidic network by using passive oneway check valves. We used our system to culture human umbilical vein endothelial cells (HUVECs) under physiological shear stress caused by circulation of the medium. We also compared the cellular functions of HUVECs under one-way circulating flow with those under reciprocating flow and static culture conditions.
Experimental
Pneumatic pressure-driven circulation culture system A schematic of the concept used to parallelize the circulation culture units driven by pneumatic pressure is shown in Fig. 1 . Compressed air containing 5% CO 2 , from a gas cylinder, was used as a pressure source to provide the same atmospheric conditions as in a cell-culture incubator. A pressure line from the gas cylinder was branched to two lines in a sequential pressure-control system (ASTF0301, Engineering System Co., Ltd., Matsumoto, Japan), and the two lines were connected to a single culture device placed in a cell-culture incubator maintained at 37°C under 5% CO 2 . Sequential processes of pressurization to a predetermined pressure and pressure release to atmospheric pressure were generated in a programmed manner. The applied pressure was controlled within the range of 5 kPa to 20 kPa using the sequential pressure-control system. The three circulation culture units on the single device were simultaneously driven by two pneumatic pressure lines. The pneumatic pressure lines could be branched to increase the number of culture devices (Fig. 1) . The pneumatic pressure-driven circulation culture device was composed of air vent filters (Ekicrodisc 3CR, Gelman Sciences Japan Ltd., Tokyo, Japan), polytetrafluoroethylene screw caps, a polycarbonate reservoir cover, a polycarbonate reservoir box, an aluminum holder, and a microfluidic polystyrene culture plate (Fig. 2a) . These components were assembled with stainless-steel clips and tightly sealed against each other with elastomeric O-rings to form the circulation culture device. The screw caps, reservoir cover, reservoir box, and holder were fabricated by machining. Three sets of storage and feed reservoirs were fabricated in the reservoir box. The volume of each reservoir was 3.5 mL; this determined the maximum volume of medium in each circulation unit. Each circulation culture unit was composed of microfluidic channels in the culture plate, reservoirs, and check valves (IMCD116P, International Scientific Instruments Supply Co., Ltd., Osaka, Japan) (Fig. 2b) . Each storage reservoir and each Fig. 1 Pressure-driven circulation culture system for parallelized medium circulation. Air under pressure and containing 5% CO 2 was introduced into a sequential pressure-control system from a gas cylinder. Sequential pressure was applied to the cell-culture device, which was placed in a thermostatic incubator at 37°C under 5% CO 2 , via two pressure lines. Blue arrows indicate the pneumatic lines and direction of gas flow. Red arrows indicate circulation of medium in the culture units on the culture device. Gray arrows indicate additional pneumatic lines and medium circulation for additional culture devices, which can be added as necessary.
feed reservoir had two open holes at the bottom and were connected to the culture and return channels via these holes. A one-way passive check valve on one of the open holes in the storage or feed reservoir allowed unidirectional (clockwise direction, as shown in Fig. 2b ) medium circulation by sequential application of pressure. Three sets of circulation microfluidic networks were fabricated on the culture plate (Fig. 2c) . Each circulation microfluidic network was composed of culture channels, a return channel, and connecting channels. Each culture channel was designed to have a cellculture surface area of 4.2 cm 2 , which corresponds to the culture area for 2.0 × 10 5 cells in conventional static culture. The ratio of medium volume to culture surface area in the culture device was 0.71 mL cm −2 , which is comparable to that in conventional cell-culture dishes. For example, the medium volume and culture area for the 35 mm dish are usually 2 mL and 9 cm 2 , and the ratio of medium volume to culture surface area is 0.22 mL cm −2 . The width and height of the culture channels were designed to be 1500 and 200 μm, respectively, and those of the connecting channels were designed to be 250 and 200 μm, respectively, to provide physiological shear stress, which is in the order of 10 dyn cm −2 in human carotid arteries, 36 by application of a physiological pressure of 14.4 kPa. To determine the relationship between shear stress and applied pressure, analytical solutions to NavierStokes equations in a microchannel with a rectangular crosssection 37 were used, as described in our previous study. 22 Fluid shear stress was calculated according to the equation for a microchannel with a rectangular cross-section:
, where μ is the fluid viscosity of water, Q C is the flow rate in the culture channel, and w C and h C are the width and height, respectively, of the culture channel. 37 In addition, 24
shallow microchannels, which we called "Laplace valves," were radially arranged around the storage reservoir-side aperture of the return channel ( and h L are the width and height, respectively, of the shallow microchannels in the Laplace valve. The culture plate was fabricated by injection molding, bonded with a 50 μm-thick polystyrene film (Enplas Corp., Saitama, Japan), and sterilized with gamma-ray irradiation. The width and height of the fabricated channels were measured using microscopy and laser interferometry, respectively. Fig. 2d displays an external view of the assembled device.
Operating procedure for circulation of medium
The medium was circulated by a sequential pressurizing process of feed and return steps (Fig. 3 ). In the feed step, pneumatic pressure applied to the feed reservoir induces flow of the medium from the feed reservoir to the storage reservoir via the culture channel, while the check valve in the feed reservoir prevents flow into the return channel ( Fig. 3a) . At the end of the feed step, some of the medium should remain in the feed reservoir to avoid introduction of air into the culture channel ( Fig. 3b ). In the return step, pneumatic pressure lower than ΔP Lap is applied to the storage reservoir. This induces flow of medium from the storage reservoir to the feed reservoir via the return channel, while the check valve in the storage reservoir prevents flow into the culture channel ( Fig. 3c) . At the end of the return step, all of the medium in the storage reservoir is transferred into the feed reservoir ( Fig. 3d) . At this point, the Laplace valve prevents the introduction of air and the formation of bubbles in the return In the return step, the cells are not exposed to shear stress. To shorten the return step, we incorporated as many as 24 Laplace valves and a return channel as thick as 6500 × 500 μm 2 measuring in cross-section to increase the flow rate during this step.
The pneumatic pressure applied to the reservoir box is distributed to the three sets of circulation culture units via the common gas-phase space in the reservoir cover (Fig. S1 in the ESI †). Therefore, three sets of circulation culture units are operated by a single set of two pneumatic pressure lines.
Flow simulation
We performed a computational analysis of shear stress by using simulation software (COMSOL Multiphysics 3.3a, COMSOL AB, Stockholm, Sweden). The Navier-Stokes equations were solved in a finite element model built for a culture channel with the following boundary conditions: a homogeneous flow rate of 950 μL min −1 at the channel inlet, zero pressure at the channel exit, and no slip boundary on the walls. The cross-sectional dimensions of the culture channels were 1500 × 200 μm 2 .
Flow characterization
To estimate the working pressure range in the return step, we experimentally measured the actual value of ΔP Lap for the microfluidic device. The storage reservoir and return channel were filled with medium and a pressure of 4 kPa was applied to the storage reservoir. After the transfer of all of the medium to the feed reservoir, the pressure applied was gradually increased. The pressure at which the air phase passed through the return channel was determined as the ΔP Lap . Experiments were performed in triplicate by using three different culture plates at room temperature.
To estimate the actual shear stress in the culture channel during the feed step, we experimentally measured the flow rate of the medium in the culture channels. The flow rate was measured by determining the weight of medium accumulated in the storage reservoir after applying pressure to the feed reservoir. Experiments were performed nine times using three different culture plates at room temperature. The shear stress at 37°C was estimated from the measured flow rate at room temperature by correcting for the temperature dependency of the viscosity of water.
We measured the flow rate of medium in the return channel when we applied 4.4 kPa of pressure to the storage reservoir at room temperature. Twenty-seven experiments were performed using three different culture plates. The flow rate per unit pressure in a return channel was calculated, and the flow rate at 37°C was estimated from the data obtained at room temperature by correcting for the temperature dependency of the viscosity of water.
Cell culture in the circulation culture system
HUVECs were obtained from Kurabo Industries, Ltd. (Osaka, Japan) and maintained in growth medium (HuMedia-EB2, Kurabo) containing 2% fetal bovine serum and growth supplements (KE-6150, Kurabo). The air vent filters, screw caps, reservoir cover, reservoir box, and holder were autoclaved and dried in advance. The circulation culture device was assembled in a tissue culture hood. The culture channel was coated with type I collagen (Cellmatrix type I-C, Nitta Gelatin Co., Ltd., Osaka, Japan), as follows: the culture channel was filled with collagen solution (0.3 mg mL −1 in aqueous HCl, pH 3.0) and kept at room temperature for 1 h. After replacement of the collagen solution with growth medium, a suspension of HUVECs (2.0 × 10 6 cells per mL, 300 μL) was injected into the culture channels and kept static for cell adhesion for 2 h in the cell-culture incubator. Excess suspension containing unattached cells and debris was removed by changing the growth medium in the culture channel. Growth medium (3 mL) was poured into the storage reservoir; most of the medium was then transferred to the feed reservoir via the return channel to remove the air in the return channel. The process of medium circulation under one-way flow conditions was performed by repeating the (i) feed and (ii) return steps, as follows: (i) pressure was applied to the feed reservoir at 3.7 or 18.7 kPa, which correspond to a shear stress of 2 or 10 dyn cm −2 , and pressure to the storage reservoir was released to atmospheric pressure for 45 s to induce flow of medium from the feed reservoir to the storage reservoir via the culture channels. After 45 s, some amount of medium remained in the feed reservoir, which prevents the introduction of air into the culture channel. (ii) Pressure was applied to the storage reservoir at 5.5 kPa and pressure to the feed reservoir was released to atmospheric pressure for 15 s to induce flow of medium from the storage reservoir to the feed reservoir via the return channel. In a human body, shear stress in blood vessels depends on the type of vessel, and is 10-20 dyn cm −2 in aorta, 5 dyn cm −2 in small arteries, 2.5 dyn cm −2 in capillary vessels, and 1-5 dyn cm −2 in venous systems. 38 Based on this information, we adopted 10 dyn cm
as the high shear stress condition in aortic vessels and 2 dyn cm −2 as the low shear stress condition in microvessels and veins.
Static culture was performed as a control experiment. A 12-well plate was coated with type I collagen (Nitta Gelatin). HUVECs were seeded onto the 12-well plate at the same number of cells per unit area as in the culture channels. The volume of medium per unit area was also adjusted to make it the same as in the circulation culture.
Reciprocating perfusion culture was performed as a comparison. For reciprocating perfusion, the check valves in the reservoir box were removed and both ends of the return channel were plugged with epoxy resin. Collagen coating and cell seeding were performed in the same manner as in the circulation culture. In the reciprocating perfusion culture, we repeated the following four steps: (i) pressure was applied to the feed reservoir at 18.7 kPa and pressure to the storage reservoir was released to atmospheric pressure for 45 s to induce flow of medium from the feed reservoir to the storage reservoir via the culture channels. (ii) The pressure applied was released to atmospheric pressure for 15 s to keep the medium in the culture channels without flow. (iii) Pressure was applied to the storage reservoir at 18.7 kPa and pressure to the feed reservoir was released to atmospheric pressure for 45 s to induce flow of medium from the storage reservoir to the feed reservoir via the culture channels. (iv) The pressure applied was released for 15 s to keep the medium in the culture channels without flow.
Cell count and morphological analysis
After 2 days of one-way circulation, static, or reciprocating perfusion culture, cells were collected by trypsin-EDTA treatment. The number of cells was counted in triplicate for each experiment and the number of cells per unit area was calculated.
Cell orientation was evaluated by measuring the angle between the flow direction and the long axis of the cell. After 2 days of culture, phase-contrast microscopy images of cells were taken under an inverted microscope (IX71, Olympus, Tokyo, Japan). In each experiment, images of 100 cells were analyzed to determine the cell orientation. For the static culture control, an arbitrary line was chosen as the zero line, instead of using the flow direction in circulation or reciprocating culture.
Fluorescence staining of HUVECs in the circulation culture system
In order to demonstrate cell staining in the circulation culture system, the HUVECs in the circulation culture system were stained with calcein-AM (Life Technologies, California, USA), or with fluorescent phalloidin (Alexa Fluor 594 Phalloidin, Life Technologies, California, USA) and 4′,6-diamidino-2-phenylindole (DAPI) (Dojindo Laboratories, Kumamoto, Japan). All procedures were conducted in the circulation culture system.
For live cell staining, the cells were stained with calcein-AM solution in phosphate buffer saline (PBS) (1 μM, 300 μL) for 30 min in the dark at room temperature after washing the feed and storage reservoirs with PBS (3 mL). Then, the cells were washed with PBS (300 μL) and fluorescence images were taken with a fluorescence microscope (Biorevo BZ9000, Keyence, Osaka, Japan).
For filamentous actin (F-actin) staining, after washing the feed and storage reservoirs with PBS (3 mL), the cells were fixed with 4% paraformaldehyde in PBS (300 μL) for 15 min and then washed with PBS (300 μL). The cells were permeabilized with 0.5% Triton X-100 in PBS (300 μL) for 15 min and washed with PBS (300 μL). Then, the cells were stained with fluorescent phalloidin and DAPI in PBS (100 nM each, 300 μL) for 30 min in the dark at room temperature, and washed with PBS (300 μL). The fluorescence images were taken with a fluorescence microscope (Biorevo BZ9000). As a comparison, static culture was performed in a 24-well plate and live cells, F-actin, and nucleus were stained using the same solutions and incubation time described above.
Gene expression analysis
After 2 days of one-way circulation, static, or reciprocating perfusion culture, cells were collected by trypsin-EDTA treatment. Expression levels of mRNAs for endothelial nitric oxide synthase (eNOS) and thrombomodulin (THBD) in the collected cells were measured by real-time PCR as described in our previous report. 22 Both of these proteins are associated with endothelial functions and their production is upregulated by fluid shear stress; eNOS is an enzyme involved in the production of nitric oxide, which is an important mediator of the induction of vasodilation, 39 and THBD is a membrane glycoprotein that plays an important role in blood coagulation. 40 Experiments were performed in triplicate for each set of experimental conditions.
Statistical analysis
Experimental data were analyzed by using one-way ANOVA with post-hoc Tukey-Kramer testing using GraphPad Prism software (GraphPad Software, Inc., La Jolla, USA).
Results

Circulation culture system
The circulation culture device that we developed was an assemblable type; the culture plate was a single-use product and the other components were autoclavable and reusable (Fig. 2a) . Device assembly was a simple process in which the holder, culture plate, reservoir box, and reservoir cover were positioned and then fastened with clips. Tight sealing with O-rings between each component enabled us to avoid leakage of pressure or liquid. Solutions for coating, washing, and culture could be loaded into the circulation culture device with a micropipette in a tissue culture hood by opening the screw caps on the reservoir cover. The culture device was connected to the pressure lines via Luer fittings on the air vent filters. These connections were detachable for liquid manipulation in the tissue culture hood and observation under a microscope. Pneumatic pressure was applied via the sterile air vent filter. Therefore, sterile conditions could be maintained throughout the entire cell-culture procedure.
Characterization of flow in the circulation culture device
The widths and heights of the culture channels, return channels, connecting channels, and the thin microchannels in the Laplace valves in the fabricated device are shown in Table 1 . The actual value of ΔP Lap in the device was measured experimentally. Bubbles appeared in the feed reservoir during the return step at pressures higher than 5.6 ± 0.0 kPa (mean ± S. D., n = 3), which was determined as the ΔP Lap of the Laplace valves. This pressure value was within a tractable range for operating the circulation culture device. The average height of the culture channels in the fabricated device was 209 ± 1 μm (Table 1) ; the uniform height of the culture channels was expected to induce a homogeneous shear stress in these channels in the feed step. Flow simulation also indicated that most of the cell growth area was exposed to homogeneous shear stress during the feed step (Fig. 4a) . Variations in shear stress appeared mainly in the curved areas of the culture channels (enlargement in Fig. 4a) .
Flow rates in the culture channels were measured at applied pressures of 5, 10, and 20 kPa, and shear stress was calculated from the flow rates in, and actual dimensions of, the culture channels (Table 1 and Fig. 4b ). The linear relationship between the pressure applied and shear stress indicated that shear stress in the culture channels could be controlled by varying the pressure applied. The coefficient of variation of flow rate for the three culture units under each of the three experimental conditions was within 12%. This variation was likely due to variations in height of the connecting channels caused by the limited accuracy of machining fabrication of the master mold for the injection molding (Fig. S3 in the ESI †). Flow rates in the return channels per unit pressure were measured at room temperature and calculated to be 2.0 ± 0.2 mL min −1 kPa −1 at 37°C (mean ± S.D., n = 27).
Flow rates in the culture and return channels differed with a 12% coefficient of variation between each culture unit in the culture device. If medium were left in both of the reservoirs after both the feed step and the return step, the remaining amount of medium would be expected to differ up to 12% of the flow volume after each step, and this difference would therefore accumulate with repetition of the circulation sequence. To avoid the accumulation of this difference, we adopted an operational sequence that transferred all of the medium from the storage reservoir to the feed reservoir in the return step. This sequence enabled stable and simultaneous operation of the three circulation units by using a single set of two pneumatic pressure lines.
One-way circulation culture
We investigated the effects of shear stress on HUVECs in the one-way circulation culture system (Fig. 5) . Circulation culture with a shear stress of 2 or 10 dyn cm −2 was performed by repeating the feed step to apply a pressure of 3.7 or 18.7 kPa for 45 s and the return step for 15 s (Fig. 5a and b) . After 2 days of culture, HUVECs covered the bottom surface of the culture channel. HUVECs under shear stress had a spindleshaped morphology compared with those under static culture conditions (0 dyn cm −2 ) and the long axes of 80% of them were aligned within ±30°of the direction of flow under shear stresses of 2 and 10 dyn cm −2 . No orientation of cells was observed without shear stress ( Fig. 5c and d) . Relative 
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a Width was measured at the narrow end of the shallow microchannels in the Laplace valves. expression levels of the mRNAs for eNOS and THBD in the cultured cells increased significantly with increasing shear stress, and 2.8-and 4.9-fold increases for eNOS and THBD were observed under shear stresses of 10 dyn cm −2 (Fig. 5e ).
Cell density after 2 days of culture did not differ markedly among 0, 2, and 10 dyn cm −2 (Fig. 5f ). These results indicate that our pneumatic pressure-driven circulation culture system is capable of inducing endothelial responses to shear stress.
Reciprocating perfusion culture
We investigated the effects of reciprocating flow on HUVECs and compared them with the effects of circulating flow ( Fig. 5 and 6 ). Reciprocating perfusion culture with a shear stress of 10 dyn cm −2 was performed by repeating alternate pressurization of the feed and storage reservoirs at 18.7 kPa for 45 s, with 15 s intervals ( Fig. 6a and b) . This operational sequence provided the same shear stress and intermittence of flow as in the circulation culture with a shear stress of 10 dyn cm −2 . After 2 days of culture, HUVECs covered the bottom surface of the culture channel. Unlike one-way circulating flow, reciprocating flow induced slight morphological changes but no obvious change in cell orientation after 2 days of culture ( Fig. 6c and d) . Furthermore, no significant increases in expression levels of the mRNAs of eNOS and THBD were observed under reciprocating flow (Fig. 6e) . In addition, no significant differences in cell density were observed between one-way circulating flow and reciprocating flow (Fig. 6f) . These results indicate that one-way flow is the key to inducing endothelial responses to shear stress.
Fluorescence staining of HUVECs in the circulation culture system
The connections between our circulation culture system and the pressure lines are detachable. These convenient interfaces enabled fluorescence staining after cultivation as well as microscopic observation. Living HUVECs were stained with calcein-AM (Fig. 7a ). HUVECs were fixed in the culture channels and stained with fluorescent phalloidin for F-actin and DAPI for the nucleus (Fig. 7b) . We could observe aligned cells under a shear stress of 10 dyn cm −2 in the circulation culture system using a fluorescence microscope.
Discussion
The use of pneumatic pressure to drive multiple liquids enabled us to parallelize circulation of medium in a single microfluidic device with a simple setup ( Fig. 1 and S1 in the ESI †). Intermittent one-way circulating flow was generated by programmed sequential pressure applied to a culture device equipped with passive one-way check valves. A further increase in the number of devices is possible by branching the pneumatic pressure lines without increasing the number of pressure control systems (Fig. 1) . Our pneumatic pressuredriven circulation culture system also has the advantage of using a small volume of medium compared with that required by circulation systems with off-chip peristaltic pumps that have often been used in previous studies, [21] [22] [23] [24] [25] because our system does not require connection to a tube filled with medium. In fact, the medium volume per unit growth area in our circulation culture was comparable to that in conventional culture dishes. The circulation culture device could be assembled easily with clips (Fig. 2) . The medium and cell suspension could be loaded in a tissue culture hood via micropipettes by opening the screw caps. The device was easily attached to and detached from the pneumatic pressure lines via Luer fittings on the sterile air vent filters. The pipettefriendly liquid manipulation and the detachable connections to the pneumatic lines dramatically improved usability compared with that of previous microfluidic devices that have used rotary peristaltic pumps. [21] [22] [23] [24] [25] The detachable connection enabled microscopic observation, aseptic manipulation for medium exchange, and cell staining in the context of microplate use. This convenient system setup has already enabled biologists in the pharmaceutical industry to use microfluidic devices routinely. Unlike previous microfluidic circulation culture devices using integrated pneumatic peristaltic micropumps, 27, [30] [31] [32] piezoelectric Braille pins, 28 or integrated stirrer-based micropumps, 34 our system has the advantages of parallelization of circulation units in addition to the simple and convenient setup mentioned above. For example, we achieved medium circulation of three culture units with only two pneumatic tube connections. Theoretically, the number of circulation units can be increased by simply increasing the number of microfluidic networks and reservoirs without increasing the number of any tube connections. This advantageous medium circulation platform was developed based on the pressuredriven perfusion culture system, which we have developed previously. 35 Furthermore, the culture plate in our system contains a single microchannel layer, while the device using ) and under shear stress in the circulation culture system (10 dyn cm integrated pneumatic peristaltic micropumps requires an actuator layer in addition to the microchannel layer. 27, [30] [31] [32] Therefore, our culture plate could be fabricated by injection molding and bonding without alignment. However, circulation of medium by directly applying pneumatic pressure to the medium could potentially cause introduction of the gas phase into the circulation microchannels. We addressed this issue by using a Laplace valve on one aperture of the microchannel. The Laplace valve enabled an operational sequence that transferred all of the medium from the storage reservoir to the feed reservoir in the return step without introduction of the gas phase into the circulation microchannels. The morphology and RNA expression of the HUVECs cultured in our one-way circulation culture system responded to shear stress as expected (Fig. 5) . The observed changes in morphology and orientation and the increase in expression of the mRNAs of eNOS and THBD were typical response of HUVECs to shear stress, as reported in previous studies, 13, 22, [39] [40] [41] [42] where increases of 150% to 600% in eNOS mRNA expression and of 100% to 800% in THBD mRNA expression have been reported under shear stresses of 0.5 to 60 dyn cm −2 . The induction ratios of eNOS and THBD varied in each report. The difference in induction ratio might reflect the shear stress duration time and endothelial cell type. We observed morphological changes and increases in eNOS and THBD mRNA expression only under one-way circulating flow, not under reciprocating flow ( Fig. 6d and e) . These results are also consistent with those of a previous report, in which the effects of reciprocating flow on the ECs were examined in a flow chamber with parallel plates.
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Compared to the previous microfluidic circulation culture devices, our system adopted pressure changes. It is known that ECs respond to pressure and mechanical strain as well as shear stress. 43 The pressure-driven circulation system is potentially applied to the parallelized platform to investigate the effect of shear stress, pressure, and mechanical strain simultaneously. In addition, the sequential pressure-control system can generate pulsatile flow in a programmed manner. The effect of pulsatile flow on the circulatory organs and tissues is another subject of interest in biology. 44 Our circulation culture device can theoretically generate different shear stresses with different pulses, although the effects of pulsatile flow on HUVECs were beyond the scope of this study.
Conclusions
We developed a pneumatic pressure-driven microfluidic circulation culture system. The system enabled us to simultaneously generate circulation of medium in three culture units by delivering a programmed sequence of pneumatic pressure via two pressure-control lines. HUVECs were cultured in the system under shear stresses of up to 10.0 dyn cm −2 and exhibited appropriate biological responses to shear stress. Our circulation system possesses the following advantages for use in drug discovery: (i) simultaneous medium circulation in multiple culture units; (ii) use of a small volume of medium for circulation; (iii) pipette-friendly liquid handling; (iv) a convenient interface detachable from the pneumatic pressure lines. Therefore, we believe that our system will be an advantageous cell-culture platform for drug discovery in the near future.
